Irish setter dogs affected with a rod/cone dysplasia (locus designation, rcdl) display markedly elevated levels of retinal cGMP during postnatal development. The photoreceptor degeneration commences =25 days after birth and culminates at about 1 year when the population of rods and cones is depleted. A histone-sensitive retinal cGMP phospho- subunit by 49 residues, thus removing the C-terminal domain that is required for posttranslational processing and membrane association. These results suggest that the redl gene encodes the rod photoreceptor PDE 13 subunit and that a nonsense mutation in this gene is responsible for the production of a nonfunctional rod PDE and the photoreceptor degeneration in the rcdl/rcdl Irish setter dogs.
f-subunit gene. The premature stop codon truncates the 1B subunit by 49 residues, thus removing the C-terminal domain that is required for posttranslational processing and membrane association. These results suggest that the redl gene encodes the rod photoreceptor PDE 13 subunit and that a nonsense mutation in this gene is responsible for the production of a nonfunctional rod PDE and the photoreceptor degeneration in the rcdl/rcdl Irish setter dogs.
The Irish setter rod/cone dysplasia leading to a rapidly progressing loss of photoreceptors (1) is inherited as an autosomal recessive trait (genetic locus, rcdl). The early onset of the photoreceptor degeneration has been well defined by morphological and biochemical studies (2) (3) (4) . Clin- ically, the disorder is grouped within a famnily of related canine retinal degenerations which are termed progressive retinal atrophies (5) . In affected dogs, retina and photoreceptor development appears normal until 13 days of age (4) , but subsequent development of rod photoreceptor cells is arrested. Rod photoreceptor degeneration is evident by 1 month of age; nearly all of the rod photoreceptors have degenerated by 5 months, and cone photoreceptor degeneration is completed by about 1 year (for review, see refs. 6 and 7).
The earliest known biochemical manifestation of the rcdl phenotype is a rapid accumulation of cGMP to levels that are about 10-fold above those of age-matched controls (2) (3) (4) 8) . These features are reminiscent of the phenotype seen in the rd mouse in which a nonsense mutation in exon 7 ofthe cGMP phosphodiesterase (PDE) (-subunit gene prevents the formation of a functional enzyme (9) leading to elevated cGMP levels and a rapid rod photoreceptor degeneration. Earlier studies of retinas from normal and affected Irish setters showed that the a and 'y mRNAs of affected dog PDE were of normal size and abundance (10) , whereas the /-subunit mRNA level appeared to be reduced (11, 12) . This finding, similar to that in the rd mouse, suggests a defect in the dog PDE l3-subunit gene. Since a previous study showed the presence of a histone sensitive cGMP PDE activity in affected, immature Irish setter retinas (13), we reinvestigated its origin by an HPLC method which is capable of separating rod and cone PDEs (14) . In this paper we identify the residual PDE activity in affected Irish setter retinas as comigrating with cone PDE, whereas rod PDE activity is completely absent. We further provide evidence that a functional /3 subunit is not produced in affected retinas and that a nonsense mutation near the C-terminal end of the /-subunit gene leads to truncation and destabilization of the gene product, 15 ,000 x g (Fisher microcentrifuge) for 10 min, and the supernatant was centrifuged twice at 100,000 x g (Beckman Airfuge) for 10 min. The supematant was then applied to a Mono Q (Pharmacia) HPLC column and eluted with the homogenizing buffer by using a 50-500 mM NaCl gradient at a flow rate of 0.5 ml/min. Fractions were collected every 30 sec. Aliquots of each indicated fraction were assayed for cGMP hydrolysis in the presence and absence of histone H3 (2 mg/ml; Sigma), with 10 ,M [3H]cGMP as substrate (14) .
Western N,N'-methylenebisacrylamide (15) , and proteins were transferred to nitrocellulose (16) . The blot was incubated with polyclonal antibody MOE (1:1000 dilution) at 4°C overnight (17) and processed with the ECL Western blot detection system (Amersham). Horseradish peroxidase-conjugated goat anti-rabbit antibody (1:105 dilution; Promega) was used as secondary antibody. Isolation of mRNA and DNA. Poly(A)+ mRNA from retinas of seven heterozygous and seven affected Irish setters was isolated (9) by using a FastTrack kit (Invitrogen, San Diego). The RNA was precipitated twice with 1 M LiCl and 7 volumes of ethanol prior to reverse transcription. Genomic DNA was isolated from the livers of normal (+/+), heterozygous (+/-), and homozygous (-/-) Irish setters according to Hogan et al. (18) . The liver and retina samples were from dogs separated by several generations. After electrophoresis in 1% agarose gel, amplified DNA was isolated by using Geneclean glass beads (Bio 101, La Jolla, CA).
PCR Amplification. Two micrograms of retinal poly(A)+ RNA was used as a template to synthesize cDNA in a volume of 25 ,ul by reverse transcription (Promega kit), as described (9) . Priming of the cDNA was performed with primer pairs as described in the text, and an anchoring primer as previously described (19 Fig. 3 . The universal 3'-end primer mcs23 has been described (19) . Direct sequencing was carried out with a Sequenase kit (United States Biochemical) according to the double-strand protocol (9) . For short extensions (e.g., Fig. 4 ), reactions were carried out in the presence of Mn2+.
RESULTS
Affected Irish Setter Retinas Lack Rod Photoreceptor PDE Activity. Our earlier results showed that retinas of affected Irish setters contain a PDE activity that may be activated by histones, can be immunoprecipitated by a monoclonal antibody (ROS1) specific to rod and cone PDE, sediments with a sedimentation coefficient identical to that of normal PDE, but is significantly reduced in the amount of total activity (13) . To unambiguously identify the nature and origin of the PDE in affected retinas, we subjected extracts from normal and affected retinas to HPLC capable of separating rod and cone PDEs (14) . The animals were 34 days old when the retinas were obtained, an age when most of the rod photoreceptor cells are still present. and higher (aggregation of a subunit in the absence of an intact a subunit?) apparent molecular mass are seen. These results suggest that a mutation in the p-subunit gene prevents the stable expression of an intact 8 subunit. Lack of a PDE ,B subunit and absence ofa measurable rod PDE activity in the affected Irish setter retina is consistent with earlier results (9) suggesting that a stable 83 subunit is necessary for formation of a functional PDE holoenzyme. Irish Setter PDE (-Subunit cDNA and Amino Acid Sequence. We amplified first-strand cDNA of a pool of seven retinas of heterozygous animals with a total of six primer pairs (Fig. 2) . Sets of primers within the coding region were derived from a pool of primers used for amplification of the mouse PDE 3 subunit (9) or were synthesized according to sequences conserved in mammalian PDE (-subunit sequences. The complete 3' untranslated region was amplified by using a sequence-specific primer and a universal 3' end primer (19) . A short (presumably incomplete) 5' untranslated region was determined by the RACE PCR method (20) in which the first-strand cDNA was first polyadenylylated at the 3' end and then amplified. Thus, a nearly complete cDNA sequence for the normal Irish setter PDE ( subunit, including the polyadenylylation signal, a short poly(A) tract, the translation start codon ATG, and 16 nucleotides upstream of the ATG initiation codon could be assembled by direct sequencing of the resulting six amplified fragments (H1-H6; Fig. 2 ). The length of the sequenced cDNA [excluding the poly(A) tail] was 2746 nucleotides, in excellent agreement with the single 2.8-kb species found on Northern blots (12) . The composite cDNA sequence (Fig. 3 ) predicts that the ,B subunit consists of 856 residues, exactly as found in other mammalian PDE 8 subunits. The amino acid sequence similarity to other mammalian PDE ( subunits (Fig. 3) Fig. 4 ). These results show that normal, heterozygous, and homozygous Irish setter genomes carry the expected alleles.
DISCUSSION
We previously reported in affected retinas the presence of a histone-sensitive PDE that was immunoreactive with an antibody (ROS1) prepared against rod cGMP PDE (13). We now show (Fig. 1A) that the identified PDE activity is that of cone photoreceptors, consistent with the ability of ROS1 to also recognize cone PDE (14) , whereas the rod PDE is inactive or absent. Immunoblot analysis of affected retinal homogenates (Fig. 1B) does not demonstrate a PDE (3subunit in homozygous rcdl retinas, strongly suggesting a null mutation in the (3-subunit gene. This mutation was identified as a nonsense amber mutation at codon 807, providing a premature translational stop signal, which predicts truncation of the ( subunit (Figs. 3 and 4) . Assuming that the rod PDE (3-subunit gene of Irish setter has an exon/intron arrangement that is identical to that of human and mouse, the nonsense codon would be located in exon 21 (of a total of 22). Since the total number of (3-subunit codons is 856, the affected (3 subunit is truncated by 49 amino acid residues. SDS/PAGE (Fig. 1B) suggests that the truncated protein is labile, since it does not accumulate. The only domain known to be important in the last 49 residues is the C-terminal CAAX box sequence (23), which is a signal for posttranslational isopre- (17, 22) , where C is cysteine, AA represents two aliphatic amino acid residues, and X is any amino acid. The tiny filled squares below the bar are positioned 500 nucleotides apart. The major amplified products used for direct sequencing are shown by bold lines. Fragments amplified from cDNA templates produced from heterozygous animals are labeled H1-H6, and those amplified from cDNA of affected dogs are A1-A4. Primers used for amplification are given in parentheses.
-w485 CC CAC GGACTGC GC CAG CT T CCGCGAGCTSTG CCAGGTGGAGGAGAGCGC GGC GCT GTT CGAGCTGGTGCAGGACATGCAGGAGAGC G TGAACATGGAGCGCGTGGTGTT CAAGATC C TG 24 0
w15ss 00 4 Wile GACT GCCT GGTGCC CCCCGACT C GGAGATCGT CTTCCCGC TGGATATTGGGG G^GTGG5GCACGTGGC T CAGACC AAGAAGATGGTGAACGTC CAGGACGTGACAGAGTGCCCCCACTTC 480
T GGTC GGCCAACAAAGTGT T TGAGGAGC TGAC GGACATCGAGAGGCAGT TCCACAAGGC C TTCTACAC GGTGCGGGC CTAC CTGAAC TGT GAC CGCTACTCCGTGGGCCTCCTGGACATG 840O
ACCAAGGAGAAGGAATT CTTTGACGT GTGGC C iGTGC TGAT GGGAGAAGCGCAGC CGTAC T CGGGCCCACGCACAC CCGACGGC CGT GAAATCGTCTTCTACAAGGTCAT CGACTACAT C 96 0
AT CCAGATG';AC TAC GAGCTG GGCG T SGT C CGCAA GT TCCAGAT TCC TC AGGAGG-CC&TCGG . G C GC T'r ccTGTTCT C-GT eAGCAAAG GGTAC CGGAGGAT CACCTACCACAAC TGGCGC (9) showed that in the rd mouse, a nonsense mutation at codon 347 eliminates more than half of the normal polypeptide, leading to an unstable truncated PDE (3 ..
CAC GGC T TCAACGT GGCCCAGAC CAT GT TCACGC TGCT tAC GAC GGGCAAGCTGAASAGC TAC TACAC GGAC CTGGAGGCC T TCGCCAT GGT GACGGCGGGC C TGTGC CAC GACAT CGAC
is comparable to that now being revealed for the rhodopsin mutations in autosomal dominant RP. Animals with inherited photoreceptor degeneration and blindness have been identified and bred for their potential usefulness in understanding the types and causes of RP, the most common group of inherited, blinding diseases in humans (30) . The hypothesis that specializations of rod and cone photoreceptors make them vulnerable to inherited and acquired disease has been widely proclaimed, and evidence to support this contention is now available. The photoreceptor specialization that is most relevant to this discussion is that of the phototransduction cascade, which links rhodopsin via transducin to PDE activation and subsequent channel closure. In autosomal dominant RP, over 40 separate mutations have been identified in the opsin gene (31) (32) (33) and at least 3 in a putative structural protein, rds/peripherin (34, 35) , that appears to be essential for the formation of rod outer segments. The mutations in the opsin gene may account for 25% or more of the different forms of autosomal dominant RP. Another mutation in the rhodopsin gene appears to segregate as an autosomal recessive characteristic (36) . No 
